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July 4, 2012 – Discovery of new boson 
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The Higgs Boson 
The Higgs boson plays a unique role in the SM: 

W, Z boson mass Fermion mass 

Vacuum 
condensation 

Same Higgs? 

Yukawa coupling HWW, HZZ coupling Higgs self-coupling 
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SM contains the simplest possible Higgs sector. 
There is no known principle for this simplicity. 
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Clean reaction 
Initial energy known 

Center-of-mass energy: 250-1000 GeV 

Multiple reactions 
Initial energy unknown 

Center-of-mass energy: 7-14 TeV 

Complementarity in new physics reach (parameter space) 

p	p	
LHC: pp collider	

e+
	 e−	

ILC: e+e− collider	
Energy Frontier Colliders 
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Characteristics of ILC 
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e− 

e+ 

Beam 
Tunable energy 
Polarization 
Pelectron = ±80% 
Ppositron = ±30% 

Elementary process 
Well-understood at LEP 
Theoretical uncertainty <1% 

Production 
Higgs boson 
Top quark 
New particles, e.g. 

Dark Matter 
etc 

γ/Z/Z’ … 
Recoil info	

Determine: Mass, J/CP, Couplings, etc 
Discover: New Physics & New Principles 

Detection 
Low background 
Highly granular sensors 
Trigger free operation 
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Higgs Factory 
Observe vacuum condensation 
Verify origin of mass 
Multiple Higgs? (e.g. SUSY) 
Discover new physics 

Top Factory 
Why is the top quark so heavy? 
Precision top mass measurements 

“New Particle” Factory / Indirect Searches 
Dark matter 
Other color neutral states (heavy Higgs, Z’ …) 
Direct and indirect searches 

Electroweak Unification Mass Generation Spontaneous Symmetry Breaking 

PHYSICS PERFORMANCE

associated calorimetric information resulting in an event e�ciency of 95.4 % for identifying
both in µ+µ�X events and 98.8% for both electrons in e+e�X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z! `+`� is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z! `+`� events with initial and final state radiation. The backgrounds from e+e� ! ZZ and
e+e� ! W+W� are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and �(e+e� ! ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e�X channel. One possible strategy
to mitigate this e↵ect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e�X + n� system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e�Xn�) for
mH and �(e+e� ! ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e� ! HZ in
which a) Z ! µ+µ� and b) Z ! e+e�. The results are shown for a beam polarisation of P (e+, e�) =
(+30%,�80 %).
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Physics Beyond the Standard Model 
DM pair production? 

# top > 100k 

NNLL top-antitop production at threshold Maximilian Stahlhofen
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Figure 2: The band labeled “NNLL” represents the prediction of σtot(e+e− → t  t) in the threshold region
with (a) and without (b) the NNLL ultrasoft mixing contribution to c1(ν) in addition to all other known
QCD corrections up to NNLL order. The other bands refer to the complete NLL and LL results, respectively
and are identical in both panels. All bands were generated by varying the renormalization parameter ν
between 0.1 and 0.4 and using the 1S-mass scheme [25] with m1S = 172 GeV. Further input parameters
were Γt = 1.46 GeV for the top width and αs(MZ) = 0.118 for the strong coupling in the MS scheme. In the
peak region of the NNLL result in panel b the scale variation is around ±1.7%.
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Verify relation between coupling and mass 
à confirmation of mass generation mechanism 
Any deviation is a sign of new physics. 

Verification of Mass Generation 
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New Physics at the TeV scale 

Two issues motivate the study of physics at TeV scale: 
•  Naturalness 

–  Radiative correction to Higgs mass term has quadratic 
divergence 

–  Require new physics / new particles in the TeV range to 
avoid excessive fine-tuning 

•  e.g. Supersymmetry (SUSY), Composite Higgs, Extra 
Dimensions 

•  Dark Matter (DM) 
–  WMAP relic density predicts O(100) GeV WIMP 
–  New physics models predict natural DM candidates 
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Supersymmetry 
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Figure 58: SUSY particle spectrum of the two benchmark scenarios discussed in Section 7.4:
Top: Natural SUSY model; Bottom: �M ⌧̃ model.
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Sleptons 
ILC 1000 

ILC 500 

Example: pMSSM 
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Figure 58: SUSY particle spectrum of the two benchmark scenarios discussed in Section 7.4:
Top: Natural SUSY model; Bottom: �M ⌧̃ model.
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Example: Natural SUSY model 

Sleptons 

•  Colored SUSY constrained by LHC 
– m > 1.5 TeV for gluino, 1st/2nd 

gen squarks 
– Expect > 2-3 TeV at full energy 
– Top squark searches at LHC 

•  Light colorless particles (sleptons, 
gauginos) still alive (esp. small mass 
differences) à Probe at ILC 
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Higgs Sector and New Physics 

Extra Dim. SUSY Strong Dynamics 

New physics can affect the Higgs sector 

High 

Low 

E
ne

rg
y 

S
ca

le
 

Extended Higgs Sector 
 

May be able to explain well-established BSM phenomena: 
dark matter, neutrino oscillation, baryon asymmetry, etc. 

SM + Singlet SM + Doublet SM + Triplet ･･･ 

Higgs is a probe for New Physics 

･･･ 
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Model “Finger-printing” 
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MSSM / Type II 2HDM 

Composite Higgs 
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Higgs Coupling Precision with “Full ILC Program” x2~3 (Model-Independent Analysis) 

Identify new physics pattern via precision measurement of Higgs couplings 
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Two-Fermion Processes 
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Z’ Search / StudyarXiv:0912.2806 [hep-ph]
hep-ph/0511335

Z’(2TeV)

1ab^-1 @ 500 GeV

ILC’s Model ID capability is expected to exceed that of LHC 
even if we cannot hit the Z’ pole.

Beam polarization is essential to sort out various possibilities. 

Two-Fermion Processes

15

Z’ Search / StudyarXiv:0912.2806 [hep-ph]
hep-ph/0511335

Z’(2TeV)

1ab^-1 @ 500 GeV

ILC’s Model ID capability is expected to exceed that of LHC 
even if we cannot hit the Z’ pole.

Beam polarization is essential to sort out various possibilities. 

Two-Fermion Processes

15

Search for Z’ boson 
Polarized differential cross sections: LL/RR/LR/RL 
Forward-backward asymmetries	

arXiv:0912.2806 [hep-ph]	 hep-ph/0511335	
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Higgs Factory 
Observe vacuum condensation 
Verify origin of mass 
Multiple Higgs? (e.g. SUSY) 
Discover new physics 

Top Factory 
Why is the top quark so heavy? 
Precision top mass measurements 

“New Particle” Factory / Indirect Searches 
Dark matter 
Other color neutral states (heavy Higgs, Z’ …) 
Direct and indirect searches 

Electroweak Unification Mass Generation Spontaneous Symmetry Breaking 

PHYSICS PERFORMANCE

associated calorimetric information resulting in an event e�ciency of 95.4 % for identifying
both in µ+µ�X events and 98.8% for both electrons in e+e�X events. Candidate Z de-
cays are identified from oppositely charged pairs of identified leptons within a mass window
around mZ. Background from Z! `+`� is rejected using cuts on the transverse momentum
of the di-lepton system and the acollinearity of the two lepton tracks. Additional cuts reject
Z! `+`� events with initial and final state radiation. The backgrounds from e+e� ! ZZ and
e+e� ! W+W� are reduced using a multi-variate likelihood analysis based on the acopla-
narity, polar angle, transverse momentum and the invariant mass of the di-lepton system.

The reconstructed mrecoil distributions are shown in Figure 3.3-13. The combination
of signal and background is fitted using a function which assumes a Gaussian-like signal
and that the background can be approximated by a polynomial function. The results of
the fit for mH and �(e+e� ! ZH) are listed in Table 3.3-4. Also shown are the results
obtained when assuming the SM decay modes and branching fractions. In this case, labelled
“Model Dependent”, the background is further reduced by requiring charged particle tracks
in addition to those generated by the Z boson decay products.

3.3.1.1 Influence of Bremsstrahlung

From figure 3.3-13 it is clear that Bremsstrahlung from final state electrons and positrons
significantly degrades the recoil mass resolution in the e+e�X channel. One possible strategy
to mitigate this e↵ect is to identify the final state photons and include these in the recoil
mass calculation. A dedicated algorithm to identify Bremsstrahlung photons is used [32] and
the four momenta of the e+e�X + n� system is used in the event selection and recoil mass
calculation. Figure 3.3-14a) compares the recoil mass distribution with and without including
identified Bremsstrahlung photons. Figure 3.3-14b) shows the recoil mass distribution for the
model independent impact analysis including Bremsstrahlung photons. To extract the mass
and cross section a modified fitting function is used. The results of the fits (e+e�Xn�) for
mH and �(e+e� ! ZH) are listed in Table 3.3-4. Including Bremsstrahlung photons improves
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FIGURE 3.3-13. Results of the model independent analysis of the Higgs-strahlung process e+e� ! HZ in
which a) Z ! µ+µ� and b) Z ! e+e�. The results are shown for a beam polarisation of P (e+, e�) =
(+30%,�80 %).
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Physics Beyond the Standard Model 
DM pair production? 

# top > 100k 

NNLL top-antitop production at threshold Maximilian Stahlhofen
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Figure 2: The band labeled “NNLL” represents the prediction of σtot(e+e− → t  t) in the threshold region
with (a) and without (b) the NNLL ultrasoft mixing contribution to c1(ν) in addition to all other known
QCD corrections up to NNLL order. The other bands refer to the complete NLL and LL results, respectively
and are identical in both panels. All bands were generated by varying the renormalization parameter ν
between 0.1 and 0.4 and using the 1S-mass scheme [25] with m1S = 172 GeV. Further input parameters
were Γt = 1.46 GeV for the top width and αs(MZ) = 0.118 for the strong coupling in the MS scheme. In the
peak region of the NNLL result in panel b the scale variation is around ±1.7%.
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Physics / Optimization 

•  Physics / Optimization activities driven by DBD in 2012 
•  Post-LOI analyses were performed à they go into the DBD 

Physics Chapter. 
•  DBD benchmark analyses were performed. 
•  Will summarize our Physics WG activities. 
•  Will highlight some results not yet presented this morning. 
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DBD Physics Chapter 
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Draft available at: 
http://lcsim.org/papers/DBDPhysics.pdf 
(220 pages, Dec. 13 version) 
 
Editors:  
Introduction (Jae Yu, Michael Peskin) 
W and Z Boson Physics (Tim Barklow, Jürgen Reuter) 
Two-Fermion Processes (Yuanning Gao, Maxim Perelstein) 
Top Quark (Roman Poeschl, Andrei Nomerotski, Andre Hoang) 
Standard Model Higgs (Keisuke Fujii, Heather Logan) 
Extended Higgs (Aurore Savoy-Navarro, Shinya Kanemura) 
Supersymmetry (Jenny List, Howard Baer) 
Cosmological Connection (Geraldine Servant, Tim Tait) 
 
Numerous contributions from our working group! 
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DBD Benchmarks 
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Analyses at √s=1 TeV: 
1) ννh w/ hàbb,cc,gg,WW*,µµ [H. Ono, C. Calancha] 
2) WW for polarization [A. Rosca] 
3) tth [T. Price, TT] 
 
Analyses at √s=500 GeV: 
4) Top pair [J. Rouene, S. Amjad] 
5) Higgs self-coupling [J. Tian] 
 
Analysts have worked hard to deliver results for the DBD 
draft.  ILD internal review process will begin soon.  
Finalized results to be aimed for mid-January. 
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Physics WG 
•  Asian ILC Physics Working Group 

–  Mailing list: ilcphys@ml.post.kek.jp 
–  Contact me / Fujii-san to join 

•  We hold remote meetings (almost) every Friday at 13:30 via KEK MCU system 
–  Discussion on physics analyses and reconstruction software. 
–  Agenda: http://ilcagenda.linearcollider.org/categoryDisplay.py?categId=131 

•  Face-to-face meeting every ~two months at KEK: General Meeting of Physics 
WG.  The focus is on ILC physics.  We have very active participation of theorists.  
Last meeting was held on October 13 (sat) – next meeting is scheduled to be 
Saturday, January 12, 2013. 
–  Meeting website: http://ilcphys.kek.jp/meeting/physics/ 
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Physics WG: EWSB 
Higgs branching ratios 
•  ZH, Hbb,cc,gg (250 + 350 GeV): paper submitted to EPJ [H. Ono, A. Miyamoto] 
•  ZH, HWW* anomalous coupling (250 GeV): paper submitted to PRD [Y. Takubo] 
•  ZH, Hγγ (250 GeV): in progress [C. Calancha] 
•  ZH, Hττ (250 GeV): Zàqq,ll done, Zàνν next [S. Kawada, T. Suehara, TT] 
•  ννH, HWW*,ZZ* (500 GeV): done for DBD [J. Tian] 
•  ννH (1 TeV): done for DBD Hbb,cc,gg,WW* [H. Ono] Hµµ [C. Calancha] 
Higgs self-coupling 
•  ZHH (500 GeV): Hàbb and Zàall: paper draft [J. Tian, Y. Takubo] 

–  Reanalysis with improved analysis tools [J. Tian, T. Suehara, TT] 
–  HàWW* mode: started [M. Kurata] 

•  ννHH (1 TeV): fast sim done, full sim ongoing [J. Tian] 
•  γγHH (~300 GeV): fast sim, PRD 85 113009 (2012) [S. Kawada] 
Top Yukawa coupling 
•  ttH (500 GeV + 1 TeV): full sim done [R. Yonamine, TT] 
Top pair at threshold 
•  tt (350 GeV): analysis started [T. Horiguchi, A. Ishikawa] 
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Physics WG: BSM 
•  SUSY “point 5”: full simulation à LOI, DBD 
•  Z’ tail from e.g. extra U(1): top pair, tau pair: full sim for LOI 
•  Hidden Sector / Extra Dim: PRD 78, 015008 (2008) 
•  LHT: AHZH, WHWH PRD 79, 075013 (2009), +ZHZH, eHeH, νHνH [E. Kato] 
•  Model discrimination: PRD 84, 115003 (2011) [T. Saito, T. Suehara] 
•  Seesaw neutrino: PRD 82, 093004 (2010) [T. Saito] 
•  Very light gravitino: master’s thesis, LCnote draft [R. Katayama, T. Suehara, TT] 
•  Quasi stable stau: master’s thesis, paper draft [W. Yamaura, K. Kotera] 
•  Higgs portal:  [T. Honda, A. Yamamoto] 
•  Theoretical contributions 

–  6-dim derivative interactions PNG NHDMs: Y. Kikuta 
–  Measurement of tanβ: K. Tsumura 
–  Radiative seesaw: H. Sugiyama, T. Nabeshima 
–  SUSY Higgs with EW baryogenesis: T. Shindou 
–  SUSY-GUT + Hosotani: T. Yamashita 
–  SUSY strong dynamics: T. Yamada 
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Highlights 

•  1. Higgs portal scenario 
•  2. Top pair at threshold 
•  3. Top Yukawa coupling 
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Higgs Portal Scenario (1) 
•  Cold dark matter (DM) couples only to Higgs boson: an interesting possibility! 
•  Introduce discrete (Z2) symmetry: makes DM stable. 
•  Viable models exist for scalar, fermionic, and vector DM. 

24	Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and
250 fb�1 (‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a
program with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.
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1 Introduction

The so-called Higgs portal cold dark matter (CDM) model is an interesting possibility for

the nonbaryonic dark matter of the universe. The dark matter fields are assumed to be

the SM gauge singlets, and could be a scalar (S), a singlet fermion ( ) or a vector boson

(V ) depending on their spin. The Lagrangian of these CDM’s are usually taken as [1]

Lscalar =
1

2
@µS@

µS � 1

2
m2

SS
2 � �HS

2
H†HS2 � �S

4
S4 (1.1)

Lfermion =  [i� · @ �m ] � �H 
⇤

H†H   (1.2)

Lvector = �1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

4
�HV H

†HVµV
µ. (1.3)

Dark matter fields (S, , V ) are assumed to be odd under new discrete Z2 symmetry:

(S, , V ) ! �(S, , V ) in order to guarantee the stability of CDM. This symmetry removes

the kinetic mixing between the Vµ⌫ and the U(1)Y gauge field Bµ⌫ , making V stable.

The scalar CDM model (1.1) is fine, as long as Z2 symmetry is unbroken. The model

is renormalizable and can be considered to high energy scale as long as the Landau pole is

not hit. On the other hand, the other two cases have problems.

Let us first consider the fermionic CDM model (1.2). This model is nonrenormalizable,

and has to be UV completed. The simplest way to achieve the UV completion of (1.2) is to

introduce a real singlet scalar field as proposed in Ref. [2, 3] by some of us. We observed that

there are two Higgs-like scalar bosons which interfere destructively in the spin-independent

cross section of the singlet fermion CDM on nucleon. The strong constraint from direct

detection experiments such as XENON100 [4] or CDMS [5] can be relaxed by a significant

– 1 –

Phenomenology of Higgs portal 
scenarios manifest in: 
•  Invisible decay of Higgs in collider  
•  Direct detection e.g. XENON100 
But large parameter spaces still remain 
unexplored by experiment! 
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Higgs Portal Scenario (2) 
•  Analysis in progress by T. Honda à A. Yamamoto @ Tohoku University 
•  Aim is to investigate the capabilities of ILC to probe the Higgs portal scenario 
•  Signal process: e+e− à Z(àqq) H(àχχ), i.e. 2 jets + missing 
•  Model assumptions: 

–  mH = 125 GeV 
–  Fermionic DM with mass mχ = 50 GeV 
–  λHψ = 6.86 / 2 = 3.43, Λ = 1 TeV 
–  Signal cross section: 15 fb 

•  Machine conditions: √s = 250 GeV 
Integrated luminosity = 1 ab−1 
Beam polarizations: (Pe−, Pe+) = (+0.8, −0.3) 
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A.	  Yamamoto	

Likelihood Function
䕔Background

ZZ background

WW background

ννZ backgroundeνW background

eeZ background

10
Zmass(Fzmass) cosθqq(Fcosθqq) cosθz(Fcosθz) 

䕔Signal

cosθZ < 0.955

Zmass(Fzmass) cosθqq(Fcosθqq) cosθz(Fcosθz) 

•  Backgrounds: WW, ZZ, ννZ à ννqq, eνW 
à eνqq, eeZ à eeqq, ZH à ZZZ* à 
qq4ν 

•  Event selection based on: no isolated 
leptons, forward electron veto, Z 
candidate mass + angle 

•  With optimal cuts, upper limit is found to 
be BR(Hχχ) < 0.3% (95% C.L.) 

•  Next steps: vary DM mass 
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Top Pair Threshold 
•  Understanding of top quark is of paramount 

importance in understanding EWSB 
•  ILC will offer for the first time the 

measurement of the top pair threshold 
•  MSbar scheme mass measurements provide 

valuable input to theory 
•  Indirect top Yukawa measurement may be 

possible à full simulation study ongoing by 
T. Horiguchi (Tohoku) 
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the 1P resonances. This interference is the source of the forward-backward asymmetry, which
increases with the degree of overlapping of the 1S and 1P resonances. The asymmetry thus
measures the 1S-1P splitting in units of the top width. Since the 1S-1P splitting is determined
by ↵s and mt , AFB serves as an independent handle to determine mt , ↵s , and �t .

We can measure the total cross section through an energy scan of the threshold region,
while the top momentum distribution and the forward-backward asymmetry through the re-
construction of the top or anti-top decays to the three jets. The most recent results from a
simulation study of the threshold scan are shown in the left panel of Fig. 7. The study was
carried out with a full detector simulation of the ILD detector and took into account the initial
state radiation and beamstrahlung of the colliding beams. The threshold scan can be combined
with the momentum and the forward-backward asymmetry measurements and simultaneously
fit to extract the parameters that enters the threshold enhancement factor. We can see the
high level of statistical precision one can achieve for the top quark mass, ⇠ 20MeV from such
a fit as depicted as the error ellipse in the ↵s and mt plane shown in the right-hand panel of
Fig. 7.

Table 7: Expected statistical precision of observables at tt threshold region.
Observable Precision
mt 20 MeV
↵s 0.0012
�t 32 MeV

The threshold top quark mass determined this way can be converted to quark mt(MS). The
conversion adds an error of about 100 MeV from truncation of the QCD perturbation series
and an error of 70 MeV for each uncertainty of 0.001 in the value of ↵s . Both sources of
uncertainty should be reduced by the time of the ILC running. In particular, the study of event
shapes in e+e� ! qq̄ at the high energies available at ILC should resolve current questions
concerning the precision determination of ↵s . We recall that these estimates are the results of
a precision theory of the relation between the threshold mass and the top quark mt(MS) mass.
A comparable theory simply does not exist for the conversion of the top quark mass measured
in hadronic collisions to the mt(MS) value.

3.2 Physics at the open top region
As stressed above, thanks to the large top width, the top quark decays without forming a top
hadron thereby transferring full spin polarization information to its decay products. It is then
possible to carry out full angular analyses including t ! bW and W ! f ¯f 0 decays. This provides
us an ideal laboratory to make precision measurements of the the coupling of the t quark to
the Z0 boson and the photon, since the leading-order pair production process e+e� ! t¯t goes
directly through the t¯tZ0 and t¯t� vertices. This is in contrast to the situation at the LHC
where the QCD production dominates.

4 Direct searches for new physics
We consider the direct search for new particles expected at the TeV scale, such as: 1) those
associated with an extended Higgs sector. 2) those related with dark matter. (Some models
can satisfy both.)
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Essentially all the t¯t physics near threshold are contained in the threshold correction factor
� or G, which depends on the top momentum (p), the energy measured from the threshold
(E), the strong coupling constant (↵s), the top width (�t), and, when the Higgs exchange
contribution is sizable, the Higgs mass (mH) and the normalized top Yukawa coupling (�H).
Now the question is how to measure G. We can measure the total cross section:

�tt̄ / Im hx0 = 0 |G | x = 0 i
' �Im

X

n

| n(0)|2
E � En + i�n/2

where n runs over resonances. We can see that the measurement of the total cross section
is sensitive only to the absolute value of the coordinate-space wave function at the origin. On
the other hand, the differential cross section (top momentum distribution) directly reflects the
shape of the momentum-space wave functions:

d�tt̄
d |p| / |hp |G | x = 0 i|2

'
�����
X

n

�n(p) ⇤n(0)

E � En + i�n/2

�����

2

.

It is worth emphasizing that this is the first opportunity to measure the wave functions of quarko-
nia, since the lighter quarkonia decay via annihilation and the information on their constituent
quark momenta is lost: the top momentum can be measured as the sum of the momenta of
daughters (b-quark, and qq̄ from W ). The typical momentum of the top quark in the quarko-
nium is mt↵s accruing to the virial theorem. The peak location of the momentum distribution is
expected to shift with mt and ↵s . The peak location should also depends on the top width, since
the larger the width becomes, the deeper the potential and hence the higher the momentum
where the top or the anti-top decays.
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Figure 6: Two ways to look at the threshold cross section.

There is yet another observable one can measure at the threshold, the forward-backward
asymmetry, AFB of the t¯t production. The asymmetry is naively expected to vanish if only
the S-wave contributes to the production. As in the case of the hydrogen atom, a Coulombic
potential predicts a 1S pole being isolated while the 2S pole being accompanied by the 1P pole.
If the imaginary parts of these poles are zero, they cannot interfere. The t¯t resonances have,
however, a sizable width approximately given by 2�t , which allows the interference of the 1S and
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Figure 7: Illustration of a top quark threshold meausurement at the ILC. In the simulation, the
top quark mass has been chosen to be 174. GeV. The blue lines show the effect of varying
this mass by 200 MeV. The study is based on full detector simulation and takes initial state
radiation (ISR) and beamstrahlung (BS) and other relevant machine effects into account: (left)
the simulated threshold scan. (right) error ellipse for the determination of mt and ↵s . The
figure is taken from [?].

4.1 New Particles from Extended Higgs Sector
Neutral scalar bosons S in models with singlets can be produced through the mixing with the
SM-like Higgs boson via the Higgs-strahlung process; they cannot be directly pair-produced in
e+e� collisions because they do not have weak charge and hypercharge. This can result in an
additional SM-like Higgs boson with a higher mass but with lower production cross section and
narrower decay width compared to the SM prediction.

For 2HDMs, there are multiple additional Higgs bosons such as heavy neutral Higgs bosons
(CP-even H and CP-odd A), charged Higgs bosons H±. In the MSSM (2HDM-II), the LHC
reach of the additional Higgs bosons depends on tan� due to production through Yukawa term
and constrains a wide parameter space. With 3000 fb�1, most of the parameter space can be
excluded, but some can remain, depending on the parameters. At ILC, if mA <

p
s/2, it can be

discovered through the e+e� ! HA process, e.g. in the HA ! 4b or bb⌧+⌧� decay modes,
and e+e� ! H+H� with H+ ! tb (cs) and H� ! ⌧�⌫⌧ . On the other hand, models such as
2HDM-X, in which H and A are lepton-specific, i.e. primarily decay to ⌧+⌧�, will be difficult to
constrain by LHC data even with an integrated luminosity of 3000 fb�1 unless the masses are
very light. At the ILC, H and A in these models can be tested via the e+e� ! HA! ⌧+⌧�⌧+⌧�
reaction as long as it is kinematically allowed. [Add figures of Higgs decay BRs.] [Add plots of
e+e� ! HA! ⌧+⌧�⌧+⌧� from DBD.]

Higgs triplet models, in which the triplet carries nonzero hypercharge, contain doubly-charged
Higgs bosons H±± as well as singly-charged and neutral Higgs bosons. If the doubly-charged
Higgs boson is light, it can decay as H++ ! `+`+ or H++ ! W+W+, depending on the vacuum
expectation value of the triplet. At the LHC, the dilepton mode has been already strongly
constrained for low H++ masses. In contrast, when the doubly-charged Higgs is the heaviest
of the triplet component scalars, the main decay mode is H++ ! H+W+ with H+ ! HW+ or
H+ ! AW+, and H or A decays into ⌫⌫ or bb, depending on the triplet vacuum expectation
value. The former case cannot be tested at the LHC; the ILC can still measure it through the
reconstruction of the kinematic endpoints.
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Top Yukawa Coupling 
•  Top quark couples strongly to the Higgs 

boson (top Yukawa yt~1) 
•  Important probe for verification of 

electroweak symmetry breaking 
•  Many BSM models predict large deviations 

in yt e.g. composite Higgs models 
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500 GeV full simulation (LOI samples): Ryo Yonamine (Ph.D. thesis) 
 
1 TeV full simulation (DBD samples): Tony Price, TT	
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Signal and Background 
•  Signal: tth à bWbWbb 
•  Irreducible backgrounds: 

–  ttZ à bWbWbb 
–  ttg* à bWbWbb 

•  Reducible background: tt à bWbW 
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distribution of the tt system from the e+e� ! tth process with and without the non-
relativistic QCD correction (right).

e
+

e
−

H

t

t
-

γ/Z

e
+

e
−

H

t

t
-

γ/Z

e
+

e
−

H t

t
-Z

Figure 15: Three diagrams contributing to the e+e� ! tth process. The h-o↵-t or t
diagrams, (a) and (b), contain the top Yukawa coupling while the h-o↵-Z diagram (c) does
not.

in Fig.14 (left), the contribution from the irrelevant h-o↵-Z diagram is negligible atp
s = 500 GeV, thereby allowing us to extract the top Yukawa coupling gt by just

counting the number of signal events. By combining the 8-jet and 6-jet-plus-lepton
modes of e+e� ! tth followed by h ! bb, the analysis showed that a measurement
of the top Yukawa coupling to �gt/gt = 10% is possible for mh = 120GeV with
polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3) and an integrated
luminosity of 1 ab�1. This result obtained with a fast Monte Carlo simulation has
just recently been corroborated by a full simulation [89,90].
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3

three groups, depending on the decay mode of theW bosons.
Their branching fractions are

(i) 8-jet mode: 45%,

(ii) 6-jet + lepton mode (e or µ): 29%,

(iii) 4-jet + 2-lepton mode (ee, eµ, or µµ): 5%,

where we have omitted the contribution of the top decays to
tau (t → bτ+ντ and t → bτ−ντ), since we only reconstruct
electrons and muons from the top in this study. The 8-jet mode
and the 6-jet + lepton mode are chosen for reconstruction.

The following processes are identified as possible back-
ground sources which can mimic the ttH signatures:

(i) e+e− → tbW−/tbW+ → bW+bW−,

(ii) e+e− → ttZ→ bW+bW−bb,

(iii) e+e− → ttg∗ → bW+bW−bb.

The cross sections for these processes are shown as a function
of

√
s in Fig. 2. We will refer to the e+e− → tbW−/tbW+ pro-
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FIG. 2. Production cross section of the e+e− → ttH signal (shown
with and without tt bound-state effects), together with those of the
main background processes, ttH (Higgs radiated off the Z boson),
ttZ, tt, tbW−/tbW+ (denoted as tbW ), and ttg∗ → ttbb, as a func-
tion of the CM energy without beam polarizations. The initial state
radiation and beamstrahlung effects are included.

cess as e+e− → tbW . The e+e− → tbW process includes the
e+e− → tt process. The e+e− → tbW final state consists of
up to two b jets, as opposed to four b jets for our ttH signal.
The tbW channel can be therefore reduced to a small frac-
tion by identifying the flavor of the b quarks in the final state
(b-tagging) and by counting the number of b jets. Because
of the large tbW cross section, a significant amount of tbW
background remains even if there is a small rate of event mis-
reconstruction, which occurs equally likely for events in and
away from the top pair resonance, thus making it important to
include the non-resonant contributions.

In the event generation, the top quark decays explicitly as
t → bW+ (t → bW−), before the hadronization step. Thus,
in order to take into the background due to hard gluon emis-
sions from the top quark, we separately include the indepen-
dent contribution from the e+e− → ttg∗ background.

In contrast to the tbW process, the processes ttZ and ttg∗
can have identical final states as those of the ttH process if
the Z boson or the hard gluon g∗ decays into a bb pair. In this
case, the signal extraction will depend strongly on the reso-
lution of the Higgs mass reconstructed from the two b-jets.
The unpolarized cross section for ttZ is 1.3 fb, including the
tt bound-state effects similar to that expected for the signal
process; without including this correction, the cross section
becomes 0.7 fb. For ttg∗ → ttbb, the unpolarized cross sec-
tion is 0.7 fb. We note that there is no tt bound-state enhance-
ment in the ttg∗ process because the tt system is not a color
singlet in this case. The cross sections at

√
s = 500 GeV for

our signal and background processes are summarized in Ta-
ble I. The signal and background samples have been produced

TABLE I. Cross sections at
√
s = 500 GeV for the signal and

background processes are shown for the different beam polariza-
tions. The e+e− → ttH and e+e− → ttZ processes include the tt
bound-state effects. The ttH, ttZ, and ttg∗ processes all decay as
bW+bW−bb while the tbW+/tbW− process (denoted as tbW ) de-
cays as bW+bW−. The number of events N used in this study is
shown for each sample, along with its equivalent luminosity L .

Process σ (fb) N L (ab−1)
e−L e

+
R → ttH 1.07 5.00×104 47.8

e−L e
+
R → ttZ 4.04 5.00×104 12.4

e−L e
+
R → ttg∗ 1.93 5.00×104 25.9

e−L e
+
R → tbW 1633 1.00×107 6.1

e−R e
+
L → ttH 0.45 5.00×104 92.6

e−R e
+
L → ttZ 1.32 5.00×104 37.8

e−R e
+
L → ttg∗ 0.86 5.00×104 58.2

e−R e
+
L → tbW 700 1.00×107 14.3

with pure beam polarizations. Unless otherwise noted, our re-
sults weight these samples to match the beam polarizations of
(Pe− ,Pe+) = (−0.8,+0.3) [17].

IV. ANALYSIS FRAMEWORK

Signal and background events are generated using the
physsim [18] event generator, based on the full helicity
amplitudes including gauge boson decays, calculated using
HELAS [19] and BASES [20], which properly takes into account
the angular distributions of the decay products. For the event
generation, the following values are used: α(MZ) = 1/128,
sin2 θW = 0.230, αs(MZ) = 0.120, MW = 80.0 GeV, MZ =
91.18 GeV, Mt = 175 GeV, and MH = 120 GeV. The ef-
fects of initial state radiation and beamstrahlung are included.
The tt bound-state effects results in a roughly twofold increase
in the ttH signal cross section at

√
s = 500GeV, as shown in

Fig. 3. The four-momenta of the final-state quarks and leptons
are passed as input to PYTHIA 6.4 [21] for parton showering
and hadronization. The detector response is simulated using
the QuickSim [22] fast Monte-Carlo detector simulator.

The detector consists of the beam pipe, a vertex detector, a
drift chamber, an electromagnetic calorimeter (ECAL), and
a hadronic calorimeter (HCAL). The crossing angle of the

Analysis framework
• Event generator
- physsim package: based on full helicity 
amplitudes calculated with HELAS including 
gauge boson decays (correctly taking into 
account angular distribution of the decay 
products)
- BASES/SPRING: MC phase pace integration / 4-
momenta of the final-state quarks and leptons
- Included ISR & Beamstrahlung
- NRQCD threshold enhancement to the ttbar 
system (ttH/ttZ)

• Parton shower / Hadronization
- Pythia 6.4
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tt
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0.004
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0.008
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0.012

0.014
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No QCD Correction

 = 175 [GeV]tm

 = 500 [GeV]s

 = 0±e
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• Detector simulator / energy flow reconstruction
- JSFQuickSim (smearing based fast MC simulator) / Track-cluster matching
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Signal mode 
•  Goal is to evaluate the precision of the top Yukawa coupling measurement at ILC 

at √s = 500 GeV and 1 TeV 
•  Higgs boson mass 125 GeV in light of LHC data. 

–  BR(Hàbb) = 57.8% 
•  There are three decay modes depending on the W decay: 

–  ttH à 4 jet + 2 lepton mode: BR(tt à blνblν) = 11% -- not analyzed 
–  ttH  6 jet + lepton mode: BR(tt à bqqblν) = 45% for l=e,µ,τ (29% for l=e,µ) 
–  ttH  8 jet mode: BR(tt à bqqbqq) = 44% 
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Figure 14: Cross section for the e+e� ! tth process as a function of
p

s together with
those of background processes, e+e� ! ttZ, ! ttg⇤, and ! tt (left). The invariant mass
distribution of the tt system from the e+e� ! tth process with and without the non-
relativistic QCD correction (right).
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Figure 15: Three diagrams contributing to the e+e� ! tth process. The h-o↵-t or t
diagrams, (a) and (b), contain the top Yukawa coupling while the h-o↵-Z diagram (c) does
not.

in Fig.14 (left), the contribution from the irrelevant h-o↵-Z diagram is negligible atp
s = 500 GeV, thereby allowing us to extract the top Yukawa coupling gt by just

counting the number of signal events. By combining the 8-jet and 6-jet-plus-lepton
modes of e+e� ! tth followed by h ! bb, the analysis showed that a measurement
of the top Yukawa coupling to �gt/gt = 10% is possible for mh = 120GeV with
polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3) and an integrated
luminosity of 1 ab�1. This result obtained with a fast Monte Carlo simulation has
just recently been corroborated by a full simulation [89,90].
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❖ Mode selection

❖ Event shape cuts
Thrust cut

Y cut

❖b-tagging

❖mass reconstruction and mass cut

Efficiency
0 0.2 0.4 0.6 0.8 1

Pu
rity

0

0.2

0.4

0.6

0.8

1

with background

b

c

c (b-bkg)

=91 GeVs qq  →a) Z
without background

Strategy to Reduce Background

� =
Sp

S +B13

n
# of Isolated leptons to be 1: 1-lepton + 6-jet analysis

0: 8-jet analysis

T = max

|n̂|=1

P
i |n̂ · �pi|P

i |�pi|
T~1-->2jet-like event
T~0-->multi jet-like event

(Durham Jet Clustering)

Y depends on # of jets

We chose cut values so that the signal significance becomes maximum.

finding b-jets by impact parameter significance.

b

b

b
b

f

f

f

f

Isolated lepton finding

t

t
H

b-tagging performance

S: # of signal events
B: # of background events

(full simulation)
We chose jet combination which minimize the following χ2.

W

W

H top top W W (8-jet mode)
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Isolated Lepton Finding 

Hard isolated leptons coming from W decay 
•  Useful discriminant for separating 6 jet + 

lepton mode / 8 jet mode 
Selection based on: 
•  Lepton ID based on calorimeter energies 

–  reduces fake leptons 
•  Impact parameter significance 

–  reduces contamination from bottom and 
tau decays 

•  Jet-based discriminants (“LAL Lepton 
Finder”) 
–  good for isolation 

e+e−  ttH (6 jet + 1 lepton) 

Leptons from W 
Other PFOs	
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Background Reduction

14

Fast&sim.&&1HL&+&6HJet&mode&
lumi.&=&1&abH1,&beam&polarization&(eH,e+)&=&(H0.8,+0.3)Arrows show cut values.

In each of these 4 plots, all the events selection criteria are applied except for the cut 
on the variable shown.

R. Yonamine -- 500 GeV	
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Cut-based analysis

Result Summary

17

1-L+6-Jet 8-Jet Combined

significance 3.2 3.8 5.0

accuracy of gt 16% 13% 10%

lumi.#=#1#ab!1

beam#polarization#(e!,e+)#=#(!0.8,+0.3)

Likelihood analysis

1-L+6-Jet 8-Jet Combined

significance 3.1 3.4 4.6

accuracy of gt 16% 15% 11%

Full detector simulation

1-L+6-Jet 8-Jet Combined

significance 3.7 3.7 5.2

accuracy of gt 14% 14% 10%

Fast detector simulation

(Full detector simulation)

All results are consistent with each other.
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Event Selection 

34	
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Result Summary (1 TeV) 
•  Multivariate analysis is used for final results 
•  Results cross-checked with cut-based analysis 

Preliminary results (TMVA): 
8 jet mode:    Δyt/yt = 6.5% (TT) 
6 jet + lepton mode:  Δyt/yt = 6.2% (T. Price) 
Combined:    Δyt/yt = 4.5% 
Nicely consistent with SiD results 
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Summary and prospects 
•  Progress driven by DBD preparation, soon to be finalized. 
•  We should consider post-DBD activities to strengthen the physics case for ILC. 
•  In particular, we should redo Higgs analyses with Higgs mass of 125 GeV for 
√s=250, 350, 500 GeV.  We have nice simulation tools available prepared for DBD 
and we should exploit them. 
–  The event generation can take some time which should ideally start soon. 

•  We were well-prepared for the Higgs discovery in terms of physics analysis.  We 
should be equally well-prepared for BSM results, particularly those that would be 
discovered at the LHC in the coming few years. 
–  Crucial for updating the case for ILC in the fast-track construction scenario 

•  Analysis strategies should be formed to update BSM search strategies (SUSY in 
particular), in light of the latest LHC results.  The benchmark scenarios discussed 
in the DBD should be a good start. 
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